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dimly recognizable ... we should find its mountains, hills, vales, rivers, lakes, and oceans
represented by a film of nematodes. The location of towns would be decipherable, since for
every massing of human beings, there would be a corresponding massing of certain nematodes.
Trees would still stand in ghostly rows representing our streets a
- Nathaniel Cobb, 1915
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DNA metabarcoding of meiofaunal communities along the California
coast and potential abiotic drivers of distribution
by
Amanda Elizabeth Heidt
Master of Science in Marine Science
California State University Monterey Bay, 2019
Meiofauna are abundant and diverse infaunal organisms between 50specially adapted to live in the interstitial spaces between sedimentary particles. Despite their
ubiquity, they remain an understudied component of benthic systems. Modern DNA
metabarcoding tools allow for the total sequencing of mixed communities from a single sample.
Samples of meiofauna (n = 148) were collected at 10 sandy beaches along the coast of California
during summer 2017 to characterize meiofauna community structure based on (1) latitude, (2)
location north or south of Point Conception (a known biogeographic break), (3) tidal height and
(4) sediment grain size and mineralogy. Meiofauna were found to form distinct communities
within each domain (north/central/south California) and at each site. Southern sites had larger
and more diverse meiofauna communities than northern sites, suggesting a rough fit to a
latitudinal diversity gradient. Broad oceanographic conditions, particularly temperature and
salinity, appear to impact meiofauna across larger scales. No significant distributional break was
seen in the area surrounding Point Conception, although small changes to the proportions of
major phyla were observed for Point Conception and San Francisco Bay. Within the tidal range,
meiofauna richness generally decreased with increasing tidal height although patterns were not
uniform across sites. Meiofauna responded significantly to both sedimentologic and
mineralogical properties. Richness declined with increasing mean grain size, and the most
distinct communities correlated most strongly with the presence of potassium feldspars. This
study is the broadest examination of meiofauna within California, and these results form a
necessary foundation for future comparison studies using meiofauna as an ecological monitoring
group.
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INTRODUCTION
Ecologists have long studied the richness and distributions of species, and changes to
diversity over both time and space remain a central focus. Many taxonomic groups increase in
species richness toward the equator, a trend referred to as the Latitudinal Diversity Gradient
2001). A
review of the generality of the LDG by Hillebrand (2004) has shown that the pattern occurs in
marine, terrestrial, and freshwater ecosystems across both hemispheres. In addition, Hillebrand
highlighted that the LDG has been observed across many (but not all) taxonomic groups,
including birds, mammals, many insects, and many freshwater fish. Possible explanations for this
gradient focus on ecological consequences of differences in the physical characteristics and
severity of the environment. Ecosystems near to the tropics often contain greater levels of energy
and less climate variability, which leads in theory to higher levels of speciation or lower rates of
extinction (Brown 2014).
Given its long coastline and north-south orientation, the state of California covers a
relatively broad latitudinal range of approximately 10°, and as a result supports high levels of
species diversity. In the marine realm, differences in the intensity of upwelling in otherwise
similar physical environments may also influence diversity. The movement of the California
Current down the coast from north to south, coupled with persistent surface winds and the
Coriolis effect, prompts the offshore movement of surface water which in turn is replaced with
deep, nutrient-rich water. However, this effect is dampened as it approaches Point Conception,
the fulcrum point at which the Southern California Bite angles southeast to Mexico. This
relaxation of upwelling leads to overall warmer conditions, creating a strong biogeographical
break (see Newman 1979, Doyle 1985 and Schoch et al. 2006). Many groups of organisms have
been shown to be influenced by this break, including fish (Stephens et al. 2016), phytoplankton
(Foukal and Thomas 2014), and invertebrates (Broitman et al. 2008).
In addition to large-scale drivers of distribution such as the temperature and upwelling
breakpoints at Point Conception, more localized aspects of the beach environment are likely
impacting community diversity. Along the coast, the interactions between beach sediment grain
size, wave energy, and tidal regime produce a wide continuum of beach types which are dynamic
in both space and time (Wright and Short 1984). Reflective beaches are produced during
oceanographic conditions characterized by lower wave heights and longer wave periods. The
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beach faces tend to be steep (5 20°) with a relatively high mean grain size. Dissipative
beaches form during higher energy conditions and have much finer sediments. They have a low
slope (~1°) and a wide surf zone. Waves break far from shore, dissipating their energy as the
move across the surf zone.
This continuum of beach types creates a range of conditions for benthic organisms.
Meiofauna, a polyphyletic group of infaunal organisms between 50-1000

(Mare 1942), have

evolved to exploit the interstitial spaces between sediment grains and are both extremely
abundant and diverse. Meiofaunal diversity and distribution are influenced by the three
prevailing abiotic drivers and many studies have addressed the link between physical conditions
and faunal communities (see Lampadariou et al. 2018 for a recent review). Tides and degree of
wave intensity can shape beach slope and width, leading to changes in community structure.
Similarly, sediment characteristics such as grain size distribution, angularity, sorting, and
mineral composition can dictate conditions across small scales.
All studies of diversity require the ability to properly identify organisms, a serious
challenge in many branches of the tree of life. Due to their small size, taxonomic variety, and the
presence of cryptic species, true diversity in the meiofauna has been hard to quantify. More
recently, high-throughput sequencing technology and bioanalytical pipelines have been adapted
to address this persistent identification bottleneck in meiofauna research. Metabarcoding
approaches (Brannock and Halanych 2015; Taberlet et al. 2012) involving the amplification and
sequencing of homologous genes from mixed-species DNA extractions circumvent the tedious
hours of microscope work and spread the burden of identification across the scientific
community through the use of shared genetic databases.
The purpose of this study was to use high throughput sequencing tools to characterize
meiofaunal assemblages and to analyze trends in community composition along the California
coast of the United States. The results linked community structure to environmental factors
including latitude (to determine if meiofauna adhere to the LDG), proximity to Point Conception,
localized beach morphology and sediment properties. Through a mixed approach to sampling,
this study generated conclusions regarding distribution at both large (California-wide) and small
(within each beach locality) scales and is larger in scope than most analyses of meiofaunal
distribution. Furthermore, the results supplement traditional morphological identification with
robust molecular data.
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Research Questions
Question 1: Do meiofaunal communities change as a function of latitude?
H1: The presence/absence and distribution of meiofaunal taxa will vary significantly
as a function of latitude, in keeping with the Latitudinal Diversity Gradient. Southern
sites will host more diverse communities with respect to major taxa than northern sites.
These differences will be statistically correlated with relevant environmental factors
shown to change with latitude such as temperature, salinity, and chlorophyll
concentration of surface waters.
Question 2: Do meiofauna form distinct communities north and south of Point
Conception?
H2: Meiofaunal community structure will vary significantly with on either side of the
major geographical break Point Conception. Dispersal ability of meiofauna is relatively
unknown (however, see Palmer (1988) for a review), but these breaks are well-known
barriers to dispersal for other organisms. Schoch et al. (2006) did not find consistent
biogeographical boundary locations other than the commonly accepted Point Conception,
but that study looked only at macroinvertebrates. They did, however, see evidence of
minor boundary effects in some taxonomic groups associated with Monterey, Point
Reyes, and Cape Mendocino.
Question 3: How do meiofaunal communities change as a function of tidal height?
H3: Distinct meiofaunal communities will be associated with each tidal height (roughly
referred to as low, mid, and high). This stratification by vertical zonation is expected due
to the specialization required to inhabit each abiotically distinct zone. While this pattern
has been shown to exist for specific taxa (e.g. nematode worms (Hodda and Nicholas
1985)), I would like to apply it more broadly to meiofauna as a group.
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Question 4: Do meiofaunal assemblages change as a function of sediment
characteristics and mineralogical composition?
H1: Meiofaunal communities will vary significantly across a spectrum of grain size
characteristics and mineral composition. Grain size distribution and angularity affect
available surface area and pore space, which in turn have indirect effects on oxygen
content, temperature, and the permeability of the sediment. Similarly, the underlying
hardness, weatherability) that may be relevant to associated biota.
MATERIALS AND METHODS
Study Area
Study sites in California were adapted from Schoch et al. (2006), which divided the state
ecological importance: Point Conception and Cape Mendocino. Sampling was conducted within
three of these established domains: northern, central, and southern California. Northern
California (NC) includes the area south of Cape Blanco (Oregon) to Point Reyes. Central
California (CC) extends from Point Reyes to the northern boundary of Point Conception.
Southern California (SC) represents the area south of Point Conception to the Tijuana River.
Sites were chosen to span the full length of coastline (see Figure 1) and together cover just under
10 degrees of latitudinal coverage. The nested sampling regime, including the number of samples
collected at each site, can be seen in Table 1. A simplified schematic modified from Brannock
and Halanych (2015) detailing each process of this research from sample collection through data
interpretation can be found in Figure 2.
Sample Collection
Sampling methodology was adapted and modified from Gheskiere et al. (2005a). At each
location two transects spaced 25 m apart and oriented perpendicular to the waterline were
sampled for meiofauna during low tide conditions. Each transect began
the beach (beyond the lower limit of the swash zone) and extended up the beach to the berm or
dune face (dependent on site) in order to sample meiofauna at different tidal levels (Figure 3).
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Samples were taken every ten meters along the entire length of the transect. Because of
differences in beach width across sites, sample positions were standardized to percent of the
transect length when comparing beaches of unequal width (which occurred in only one analysis,
Figure 15).
Meiofauna were sampled to a depth of 6 cm using 50-mL (27mm diameter) screw-cap
centrifuge tubes to take two replicate cores, for a total collected sediment volume of
approximately 20.4 cm3 per location on the transect. Studies have posited different depths at
which microscopic infaunal organisms tend to concentrate, but most agree with a general range
of 2-

Moore 1979, Palmer 1988, Vincx 1996, Gheskiere et al. 2005b, Lastra et al.

2006). The intermediate depth chosen here focuses on the strata of highest density. All cores
were subsequently fixed in the DMSO/EDTA salt solution DESS (20% DMSO, 0.25M disodium
EDTA, saturated with NaCl, pH 8.0) (Seutin et al. 1991) for transport back to Moss Landing
Marine Laboratories.
DNA Extraction and Amplification
Samples were extracted for metabarcoding analysis using the MoBio Power Max kit (Cat.
12988keeping with the published limits of the kit. After the final DNA elution, a concentration step
was carried out as suggested in the provided protocols. The DNA pellet was air-dried and reDNA was amplified using the Nextera-adapted primer pair SSUF04 ( GCTTGTCTCAAAGATTAAGCC- ) and SSUR22 (

CCTGCTGCCTTCCTTGGA- )

(Blaxter et al. 1998, Creer et al. 2010), which produces an amplicon of up to 450 bp and targets
the V1 V2 regions of the nuclear small subunit rDNA (18S rDNA). These primers both anneal
region that is used to discriminate operational taxonomic units (OTUs). Samples were amplified
serum albumen (BSA), 3% dimethylsulfoxide (DMSO), 5x Kapa Taq DNA Polymerase (Kapa
Biosystems), PCRinitial cycle of 2 min at 95° C; 22 min denaturation at 95° C; 35 cycles of 1 minute at 95° C, 45
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seconds at 57° C, 3 minutes at 72°C; a final extension of 10 minutes at 72° C. Results were
visualized using electrophoresis with a 1.5% agarose gel.
Prior to barcoding, triplicates were pooled and DNA was purified with the Beckman
Coulter AMPure XP (Cat. A63880) protocol and quantified using a Picogreen assay (Thermo
Fisher Scientific Cat. P7589). A secondary barcoding PCR was conducted in triplicate using 152
unique index combinations (Nextera XT Index Kit; Illumina Cat. FC-131-1096) under the
following conditions: a 3-minute denaturation at 94°C; 5 cycles of 30 seconds at 95° C, 30
seconds at 55° C, 30 seconds at 72° C; a final extension of 5 minutes at 72° C. Results were
again checked on a 1.5% agarose gel. Triplicates were subsequently pooled and purified with a
second 1.4X AMPure cleanup, eluted in 1X TE buffer (containing 10 mM
tris(hydroxymethyl)aminomethane (Tris) and 1 mM ethylenediaminetetraacetic acid (EDTA),
pH 8.0), and quantified using a Picogreen assay.
The final libraries were made by standardizing each sample to 10 nM and pooling an
equal amount for a total
individually to achieve adequate sequencing depth. The sequencing was carried out on an
Illumina MiSeq instrument using the 600-cycle MiSeq Reagent Kit v3 (Cat. MS-102-3003). In
keeping with MiSeq protocol, the control reagent PhiX was added along with the library to
library and the PhiX were standardized to 8pM, and the volume of PhiX added to the cartridge

Bionformatical Data Analysis
Raw reads were analyzed to estimate the number of operational taxonomic units (OTUs),
groups of similar reads that differ by less than a set sequence dissimilarity threshold, and their
relative abundances for use in subsequent community analyses. Processing of raw data was
conducted using USEARCH 10. (Edgar 2010). Forward and reverse reads were merged using the
fastq_mergepairs command with an allowed max diff value of 15. Quality filtering (with the
fastq_filter command) with a max estimated error (EE) value of 0.5 eliminated any sequences
that contained uncalled bases (N) or lacked the SSU primer set. The remaining sequences were
then trimmed of forward and reverse primers using fastx_truncate. Dereplication was carried out
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using the fastx_uniques command to identify singletons (reads with a sequence that is present
only once) and the unoise3 command to delete them.
Quality filtered sequences were subsequently subjected to chimera filtering using
USEARCH 10 (Edgar 2010) in the software package Quantitative Insights Into Microbial
Ecology (QIIME) version 1.8 (Caporaso et al. 2010). Sequences were clustered into OTUs with
99% similarity using the UCLUST (Edgar 2010) clustering method, with the output file
secondarily reclustered at 97% similarity. The cluster_smallmem command used in this script
includes suspected chimera detection and removal. A final OTU table with abundances was
generated by mapping quality-filtered (merged, filtered, and trimmed) sequences back to the
representative OTU sequences using the usearch_global command. The most abundant sequence
was chosen as the reference sequence for the resulting OTU cluster. A complete pipeline script
can be found in Appendix A.
Reference reads were exported into Geneious R10 (Biomatters Ltd., Christchurch, New
Zealand) for taxonomic identification. Taxonomy was assigned to reference sequences using
BLAST to retrieve the top-scoring hit against the SILVA 128 97% clustered database
(https://www.arbwas chosen to be more conservative in taxonomic assignments. Each OTU which passed the
above criteria was identified to phylum and class level when possible for use in diversity
analyses.
Environmental Characterization
For nine of ten sites, archived data on temperature (°C), salinity, and chlorophyll
-1

) was retrieved from the Central and Northern California Ocean Observing

System (CeNCOOS; https://www.cencoos.org/) and Southern California Ocean Observing
System (SCCOOS; http://sccoos.org/) coastal observation databases and averaged over the
month surrounding each sampling date. Data on salinity and chlorophyll at MacKerricher SB
was ultimately excluded due to failed sensors, and this site was not used in analyses involving
environmental data. For the tenth site, Año Nuevo, data was provided by a Monterey Bay
Aquarium Research Institute (MBARI) buoy (Devon Northcott, pers. comm.). A map detailing
the location of each buoy with respect to its corresponding sampling site can be seen in Figure 1.
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Sedimentary and Mineralogical Characterization
In order to relate meiofaunal community composition to sedimentary properties, the
remainder of each sample (avg. 57 grams) not used for extractions was sieved for grain size
analysis in accordance with the Wentworth Scale (Wentworth 1922). Samples were rinsed in a
25

sieve and oven-dried at 100°C for 12h prior to being hand sieved through the following

size classes (
and 38. The weight of each size class relative to the total was entered into the GRADISTAT v. 8
(Blott and Pye 2001) Excel plugin for grain size analysis. The relevant parameters included in
the final statistical analysis include mean grain size (MOM, log), sorting (MOM, log), skewness
(MOM, log), kurtosis (MOM, log), modality, and physical descriptors of the sediment name and
textural group. The logarithmic method of moments was chosen based on the lognormal
distribution of the grain size analysis (Figure 4).
In addition, a small amount of sediment was taken from each sample and combined into a
to determine bulk mineralogy for each site (n = 10). Sand was ground
-Ray Powder
Diffraction machine. The SmartLab Studio II software package together with the ICDD PDF-4+
2019 database were used to identify the
sediment.
Community Analyses
OTU tables generated in the bioinformatic pipeline were uploaded into Plymouth
Routines in Multivariate Ecological Research (PRIMER 7) software (Clark and Gorley 2015)
along with metadata mapping files (Appendix B) generated in Excel 2016 for univariate and
multivariate analyses. Biological data was standardized and log-transformed prior to analysis
while environmental data was normalized to account for differing units and magnitudes. A
distance matrix was then generated for the biological (Bray-Curtis) and environmental
(Euclidian) data. OTU abundance should not be interpreted as true abundance, as any number of
sampling and PCR biases can affect final OTU counts, but the Bray-Curtis metric was used to
sharpen differentiation between samples. Because Bray-Curtis distance matrices were calculated
iases is consistent across all samples.
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A RELATE test was run to asses pre-existing patterns between the environmental and
biological data matrices by randomly pairing values from each table and analyzing the strength
of the correlation. A BEST test was then conducted to relate the normalized environmental data
to the biological distance matrix. This test identifies which abiotic variables are most important
in explaining the observed variation, however it does not establish how much of that variation is
accounted for by each variable. As such, a stepwise distance-based linear model (DBLM) was
run using AICc values to determine which environmental factor(s) best explained the biological
data. This RELATE-BEST-DBLM series of tests was run on the abiotic, sediment, and mineral
data.
Basic diversity metrics were calculated to assess alpha diversity within each site and to
characterize the local OTU pool, including the number of reads per OTU, the number of OTUs,
and the Simpson (D) and Shannon-

ity index values. For multivariate analyses,

principal components analyses (PCA) were used to visualize environmental conditions at each
site. Non-parametric multidimensional scaling (nMDS) analyses were conducted to cluster sites
based of relevant abiotic variables: geographic domain (north versus central versus southern
California), site and tidal height. A Chi-squared test was used to examine differences between
observed and expected numbers of shared OTUs between sites relative to their position north or
south of Point Conception. PERMANOVAs were conducted to test for significant differences in
the meiofaunal community between samples based on domain, site, transect and tidal height. For
each variable analyzed using PERMANOVA, a PERMDISP test was also run to examine
possible dispersion in the data and reinforce statistical significance. Lastly, a SIMPER analysis
was conducted to determine the species responsible for driving the observed patterns.
Ethics Statement
Meiofauna collection was authorized by the California Department of Fish and Wildlife
under permit SCP-13609.
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RESULTS
Sequencing Results
The 148 samples that were sequenced generated 124,900,868 raw reads (62,450,434
pairs), of which 44,178,711 pairs (70.7%) were successfully merged. Of the successfully merged
pairs, 36,535,794 (82.7%) passed quality control prior to being run through the bioinformatic
pipeline. Merged pairs yielded 7,820 OTUs by sequential clustering at 99% and 97% thresholds.
a
broad OTU pool, 2,173 of these matched SILVA references with the criteria of 90% sequence
overlap and 97% sequence identity. Many of those matches, however, lacked detailed taxonomic
metadata, leaving 604 OTU
Of the 604 OTUs with assigned taxonomy, 265 OTUs were classified into metazoan
Some of the 604 assigned OTUs belonged to metazoan phyla of less certain or transient
membership in the meiofauna (Porifera, Chaetognatha, Hemichordata, Ctenophora, or chelicerate
Arthropoda), and others were assigned to Protista, fungi or bacteria. Subsequent community
analysis was limited to the 265 OTU belonging to metazoan phyla of unambiguous meiofaunal
membership.
For statistical analysis, the total number of reads was rarefied to 78,434 to standardize
comparisons across samples (see Figure 5), and this allowed for the retention of all but two
samples which contained too few reads. The number of reads, broad OTUs, meiofaunal OTUs,
and unique OTUs assigned to each site can be found in Table 2.
When considering all assignable OTUs (n = 604), metazoan meiofauna make up between
32%-71% of the community at each site and are often the dominant component (Figure 6).
Additional OTUs were broadly assigned to the following categories: Alga, Fungi, SAR (a clade
of bacteria), and Other Metazoa. Within the assignable meiofauna (n = 265), OTUs assigned to
Annelida made up the greatest percentage (31%), with Arthropoda (12%), Platyhelminthes
(12%), Cnidaria (12%), and Nematoda (11%) being the next most numerous groups (Figure 7).
Together, these five phyla account for 78% of the observed OTU diversity. Mollusca (7%),
Nemertea (6%), and Gastrotricha (6%) were present in relatively lesser abundances, with the
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final 2% composed of Sipuncula, Tardigrada, Echinodermata, Brachiopoda, and Bryozoa. A
taxonomic breakdown of each site can be found in Figure 8.
A breakdown of the top ten OTUs at each site for the broad OTU pool (Table 3) shows
that much of the diversity in a site is still unidentified. The ten most numerous OTUs account for
29%-50% of the total site abundance, while the top ten meiofauna account for 5-29% (Table 4).
Assignable meiofauna most often account for two of the top 10 OTUs in the broader pool. There
are more OTUs unique to a site in the broader pool than among the meiofauna, for which
abundant OTUs are often found within at least two sites (and often in neighboring sites). Like the
broader OTUs, the phyla Nematoda, Arthropoda, Annelida, Platyhelminthes, and Gastrotricha
are the most common OTUs within the meiofaunal OTUs.
A PERMDISP test was run on all discrete variables to test for differences in dispersion
(Table 5). Within the broader pool, significant differences existed for all variables except for
among transects. For the assignable meiofauna pool, significant differences existed for site, north
or south of Point Conception designation, and tidal height. In interpreting the results of tests
which use these variables, consideration was given to the effects of the variable (e.g. differences
in composition due to site) as well as to the possible effects of dispersion on the data. Details of
the accompanying nMDS plots were used to discriminate in each case.
Latitudinal Diversity
Broad and meiofauna OTU richness per site, temperature, salinity, and chlorophyll
concentration were plotted against latitude (Figure 9). As expected, decreasing temperature
correlated tightly with increasing latitude (R 2 = 0.9117), indicative of colder sea surface
temperatures in the northern portions of the state. Salinity likewise decreased with increasing
latitude, perhaps in response to increased rainfall in northern California, although the correlation
was weaker (R2 = 0.3219). Chlorophyll concentration did not correlate with latitude at all (R 2 =
0.0296) and was the most variable of the measured abiotic parameters. Broad OTU richness was
negatively correlated with increasing latitude (R 2 = 0.3123) as was meiofauna OTU richness (R 2
te (Figure 10) fit the LDG within the broad OTU
pool. Northern and southern sites were more distinct from each other, with southern sites having
higher average diversity. Taken together, these results fit with the LDG.
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A principal components analysis (PCA) analysis was conducted to visualize the
environmental conditions across nine sites, excluding MacKerricher SB (Figure 11). Water
temperature increased from north to south, in keeping with the dominance of upwelling in the
north and central portions of the state. Salinity remained fairly constant (between 31.9 and 34.0),
although Agate Beach had relatively low salinity (31.9). Chlorophyll was the most variable of
the sampled parameters, ranging between 0-23.7ng/uL. Arroyo Burro had relatively high
chlorophyll (23.7ng/uL). The PCA yielded a two-factor solution explaining 87.6% of the
observed variation. Salinity (70.4%) and temperature (68.9%) were the main components of
PC1, which accounted for 46.8% of the observed variation. PC2 was attributed primarily to
chlorophyll concentration, which made up 86.9% of the variation.
Broad OTU richness correlated positively with both temperature and salinity and
negatively with chlorophyll concentration (Figure 12). While the same was true of the assignable
meiofauna pool, the magnitudes of the correlations were often different. For example, meiofauna
OTU richness did not appear to be influenced in any significant way by salinity, although the
relationship was weakly negative (R2 = 0.0242) in keeping with the broad pool. The correlation
of meiofauna OTU richness with chlorophyll concentration, by contrast, was greater than that for
the broader OTU pool, although still negative. When including all sites in the analysis,
temperature was the greatest predictor, although all three correlation values were quite low.
However, when obvious outliers were removed (included Agate Beach for salinity and Arroyo
Burro for chlorophyll), the magnitude of the R2 values increased dramatically.
Community composition relationships between southern-central-northern California
domain designations and between sites were also presented on non-metric Multidimensional
Scaling (nMDS) plots (Figure 13) based on Bray Curtis distance calculations among samples.
PERMANOVA tests did not indicate a significant difference between transects in either pool
(Pseudo-F = 1.439 (broad) and 1.020 (assignable meiofauna), p = 0.062 (broad) and 0.434
(assignable meiofauna); Table 6), so for all further analyses transect was not considered as a
separate variable. PERMANOVA tests indicate a significant difference between domains and
sites for both the broader and assignable meiofauna OTU pools (p < 0.001). Due to the
experimental design, there was not enough replication at the lowest level to run a standard
PERMANOVA using the domain factor. As a result, a one-way ANOSIM was run and
established a significant difference between all domains (R = 0.645, p = 0.001 for the broader
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pool and R = 0.358, p = 0.001 for assignable meiofauna; Table 7) meaning that north, central,
and southern California form distinct biological communities.
The results of the RELATE test which determines if a relationship exists between
environmental and biological matrices

showed that 52% of the observed variation in the broad

biological matrix and 40% of the variation in the assignable meiofauna biological matrix was
explained by the environmental matrix (Table 8). This suggests that the patterns observed in the
biological communities are influenced by environmental conditions. The BEST test, which
similarly tests for relationships between a biological matrix and environmental data, found that
salinity was the greatest predictor for the broader pool (58%) and temperature and salinity
together accounted for 50% of the observed variation in the assignable meiofauna pool (Table 9).
Ultimately, the distance-based linear model showed all three environmental variables as
statistically significant (p = 0.001), and the models explained 26% of the variation within the
broader pool and 20% within the assignable meiofauna (Table 10). Removing the suspected
outliers (Agate Beach and Arroyo Burro) increased the predictive power of the final models to
30% and 24%, respectively.
Point Conception as a Biogeographical Break
I was unable to detect a signature consistent with an inflection point for meiofauna at
Point Conception. While an nMDS plot of the biological data (Figure 13) does show a distinct
clustering between sites north and south of Point Conception, because each site is unique these
patterns cannot be attributed inherently to Point Conception. Nevertheless, a one-way ANOSIM
did establish a significant difference in community structure north and south of the point for both
the broader and assigned meiofauna pools (R = 0.282 , p = 0.001 ; Table 11).
If Point Conception were an obvious biogeographic break for meiofauna, the sites
adjacent to Point Conception should share fewer OTUs than other adjacent sites. Instead, the
number of shared OTUs at Moonstone Beach and Arroyo Burro, bracketing Point Conception,
2

(d.f. = 8) = 12.3491, p = 0.1363) from other adjacent site

combinations (Table 12). Too, if Point Conception were a break, range end-points should
increase toward Pt Conception. However, the number of southern and northern end points at
2

(d.f. = 8) =

12.3491, p = 0.1363) from a null expectation of equal probability of end-point occurrences.
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Instead, endpoints were significantly greater at more northern and southern sites than expected
under the null model (Table 13). The significant result of the Chi-square test shows that OTU
ranges are distributed non-randomly, but results provide no evidence for a cluster of northern and
southern endpoints at Point Conception. In fact, the larger number of endpoints are further north
and south. There were fewer than expected endpoints at Point Concept and more than expected at
the extremes of the sampled sites.
However, for all pools of data, significantly more OTUs were found only in the area
north of Point Conception compared to sites sampled in the south. Within the broader pool, three
times as many OTUs were found north of the barrier (1818 versus 662), while almost four times
as many OTUs were found only north of Point Conception in the meiofauna (37 versus
10)(Figure 14). While it is true that more sites were sampled north of Point Conception, the ratio
of N:S sites was not so high (e.g. 4:1) as to naturally result in the observed findings. This trend
may be linked to the increased diversity of central California.
Interestingly, there does seem to be a taxonomic shift between Mussel Point and Año
Nuevo, which bracket San Francisco Bay. North of the bay, Arthropoda becomes the dominant
taxa in all sites. Immediately south of the bay, Gastrotricha begins to increase in abundance and
achieves its peak abundance at Monastery. Nematodes decrease in abundance from the
northernmost site up to the bay, and then begin to increase again in abundance on the other side.
Mollusca, generally found in very low quantities, accounted for 16% of the observed abundance
of the site immediately south of the bay. These results would need to be studied in more explicit
detail but are nonetheless a promising find.
Community Composition Across Tidal Levels
Beach widths ranged between 50 m and 132 m across sites, with an average beach width
of 70.6 m. While slope data was not included in this study, visual inspection suggested an
inverse relationship between beach width and slope in keeping with known beach
morphodynamic processes (Wright and Short 1984). Dissipative beaches tend to have greater
beach widths and gentle slopes, while reflective beaches are characterized by steeper slopes and
narrower beach widths due to their higher wave energy.
The nMDS plot for standardized tidal height (Figure 15) did not appear to reveal
clustering in any meaningful way. However, the PERMANOVA test showed a significant

15
difference in community composition across tidal levels at each site for both the broad and
meiofaunal pools (p = 0.001; Table 6). The interaction term was also significant (p = 0.001),
meaning that biological communities did not respond similarly to tidal level at each site. Broadly
stated, each beach was unique, which is perhaps not surprising given the variety of beach types
in this study. A collection of individual nMDS plots for tidal height (Figure 16) as well as
taxonomic breakdowns across tidal heights within each site (Figures 17-26) help visualize these
differences.
Meiofaunal communities followed a general pattern of greater similarity between sites of
close geographic proximity (Table 14). The nMDS plot for all sites (Figure 13) showed that
individual samples generally tend to cluster closer to other samples from the same location, but
also to samples of nearby sites. However, the dispersion across samples is not always equal, as
evidenced by the significant PERMDISP results (Table 5). Some sites, such as Monastery, show
much more within-site variation.
Within a single site, meiofauna OTU richness generally declined with increasing tidal
height (Figures 17-26), although richness was highest at the 20-m mark for more than half the
sites. Individual taxa do show some noticeable trends, although they are not consistent across all
sites. For example, OTUs assigned to Cnidaria are generally found in highest proportions in the
lower tidal levels (between 0-20 m), while Platyhelminthes and Nematoda tend to be most
abundant in the higher tidal levels. (40-70 m). SIMPER analysis (Table 15) shows that samples
across all tidal levels range between 37%-64% similarity (52.76% on average), confirming
greater similarity between samples within a site than between sites. The five OTUs contributing
the most to these observed similarities in communities across tidal levels account for between
31%-49% of that similarity and tend to be those OTUs which are both cosmopolitan and those
which contributed more significantly to the total OTU composition of each site (see Figure 8).
OTUs of greatest consequence were spread across the most common representative taxa,
including Annelida, Cnidaria, Arthropoda, Gastrotricha, Nematoda, and Platyhelminthes.
Overall, similarities and dissimilarities appeared to track with the overall community
structure described in Figure 8 and with the ten most common OTUs present at each site (Table
4). For example, in northern sites the high percentage of OTUs assigned to Arthropoda was
reflected in the high contributions of that group to northern site similarity. In central sites the
presence of OTUs assigned to Echinodermata was a high contributor to the observed
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dissimilarities to sites within the other domains as echinoderms were rare outside the central
sites. In the south, OTUs assigned to Gastrotricha were missing in cross-site comparisons in all
but one instance. In looking at community composition by site, gastrotrichs peak in central
California and are less prevalent in sites south of Point Conception.
In addition, trends were largely dictated by a small subset of specific OTUs more so than
by any specific phylum. While most dominant contributors to both similarity and dissimilarity
Cnidaria, Gastrotricha, and Nematoda) and spread evenly across these taxa, certain OTUs were
more common across analyses. This was true when considering within- and between-site
variation as well as for comparisons across tidal heights. OTU 846, assigned as a gastrotrich, is
shared across sites and frequently appeared as a high contributor to similarity between sites as
well as a contributor to dissimilarity between tidal heights. In each SIMPER analysis, the results
rarely included OTUs which appeared in only one site or tidal level. Monastery was one
exception, as it hosted the highest percentage of total unique OTUs.
Sediment Analysis
All sediment samples analyzed for this study were broadly classified as either gravel
(54%) or sand (46%) (Figure 27), which is typical of an open coastal beach where relatively high
wave energy removes much of the smaller clay and mud fractions. Based on the Wentworth
Scale (Wentworth 1922), samples were assigned mo
homogenous nature that these categories suggest, sediment was visually quite distinct (see Figure
28) and often looked different from site to site or even along a single transect as a result of beach
heterogeneity. This variation within a single site was reflected in the PCA of the grain size
analysis variables (Figure 29). Some sites clustered quite closely together while others had high
variation between samples. This supports the significant result in the PERMDISP test (Table 5)
for both OTU pools.
Across all sites, average grain size analysis values suggest this study was successful in
capturing a range of beach types (Table 16). Central California averaged the highest mean grain
size (1
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in the south. The standard deviations for each domain were high as the intent was to capture both
dissipative and reflective beach profiles within each domain. But these averages support the
more common beach profiles of each domain and reflect the fact that most beaches fall along an
intermediate portion of the spectrum. The average degree of sorting ranged between poorly
sorted to very well sorted, as was expected when targeting differing beach types. Skewness,
which describes the symmetry of the distribution, likewise ranged from very coarse skewed to
fine skewed. This suggests that at many sites the sediment skewed towards coarser size classes
the curve and details how sorting varies between the center versus the edges (tails) of the curve.
If a sample curve is better sorted in the central part of the curve than in the tails, the curve is said
to be excessively peaked and leptokurtic. Sample varied between values consistent with
mesokurtic through very leptokurtic curves. More simply, samples were often better sorted
within the size classes making up the bulk of the sample. Lastly, most samples were unimodal or
bimodal, meaning that the distribution curve had one or two peaks. In rare cases, samples were
trimodal or polymodal, a statistical representation of the within-site variation that frequently
occurred.
While patterns were similar across the two data sets, grain size was one parameter in
which predicative variables were a better fit to meiofauna communities. For both pools, mean
grain size correlated most closely with OTU richness (Figures 30 and 31). In both cases, the
relationship was negative, with larger grains sizes supporting lower numbers of OTUs. Because
meiofauna OTUs correlated more strongly with the geometric mean, these values were used in
rameters
(Figures 32 and 33). This was especially true for the broader OTU pool, with mean grain size
becoming almost three times more predictive of community richness.
When comparing the biological and environmental matrices, 50.8% of the variability in
the broader pool and 34.3% of the variability in the meiofauna pool was explained by the
environmental matrix (p = 0.001; Table 17), and mean grain size was again the greatest predictor
(R2 = 0.4380 and 0.2770, respectively; Table 18). Kurtosis, when combined with average grain
size, was the next greatest contributor to the observed variation, although it lowered the overall
correlation in the broader OTU pool. This suggests that grain size is an important predictor of
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infaunal community structure in keeping with previous research and that the degree of sorting
among those grains can also be important when sorting is broken into its representative
components. In general, poorly sorted sediments have less interstitial space because smaller
grains fill the voids, which can affect localized chemistry, desiccation stress, and mobility.
The results of the distance-based linear model included all five descriptive variables in
the broader pool and ultimately explained 18.20% of the variation (Table 19). For the assignable
meiofauna, the linear model only included four variables, excluding modality as being
insignificant. The final model explained 12.34% of the observed variation. In both pools, all
the marked environmental
differences between sites, this represents a modest ability to predict meiofaunal community
structure based solely on the local sedimentary conditions.
Mineral Analysis
Quartz, Plagioclase, and K-Feldspar were the three most commonly represented minerals
throughout California. The mineral composition at each site can be seen in Figure 34 and a PCA
of both domain and site can be seen in Figure 35. Quartz is the main mineral in granitoids,
igneous plutonic felsic rocks found throughout California that accounted for more than 50% of
the total mineral composition in all but one site. North and south domains clustered more closely
in the PCA along the length of the axis indicative of higher Quartz content. Plagioclase and
Potassium Feldspar (K-Feldspar) are part of a broader group of minerals (the Feldspars) which
the central sites than in either the northern or southern sites, and this was especially evident in
the PCA. In this study, K-Feldspar was found only north of Point Conception and was most
abundant at Monastery, a unique beach site that derives sediments from both the adjacent mouth
of the Carmel submarine canyon as well as more typical terrestrial sources. Minerals which fell
int

)

quantities. An exception is MacKerricher SB, where shell hash composed of calcite was a more
significant portion of the mineral composition. This site clustered apart from all other in both
PCAs.
The correlations between mineral composition and OTU richness were weak for both the
broad and meiofauna OTU pools, and the trends were different between groups. The broader
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pool correlated most strongly with the percent of K-feldspar relative to the total mineral
composition of a site (R2 = 0.1347; Figure 36), and the relationship was inversely proportional
with more OTUs present at sites with lower percentages of K-feldspar. Within meiofauna, OTU
richness correlated most strongly with the percentage of Plagioclase minerals (R 2 = 0.1125;
Figure 37). Sites with higher percentages of Plagioclase generally supported more meiofaunal
OTUs. No link could be made between sites with greater mineralogical heterogeneity and higher
levels of OTU richness. In fact, the site with the most variation in sediment (suggesting a more
numbers of OTUs.
Patterns in the environmental matrix accounted for 29.9% of the variation observed in the
broader biological matrix and 14.1% of the variation in the meiofauna matrix (p = 0.001; Table
20). In each case, K-feldspar was the most predictive variable. Potassium feldspars accounted for
59.0% of the variation for the broader pool and 30.3% of the variation in the meiofauna pool
(Table 21). This is an interesting find, as K-feldspars were not the most common mineral type,
and in fact were found in generally low proportions at most sites and excluded entirely in others.
Similarly, while OTU richness of the broader pool correlated more strongly with K-feldspar (and
the correlation was negative), within the meiofauna pool the relationship was weak (R 2 =
0.0369). Quartz and K-feldspar together were the second-most predictive variable, followed by
Quartz and Plagioclase, although the strength of the correlation for these two-variable
combinations was lower in both OTU pools.
The relationship between mineral composition and community composition in the
broader OTU pool was better explained by the distance-based linear model than the meiofauna
OTU pool, although the general trends were consistent. All mineral classes were included in the
final model for both pools (p = 0.001), and together they predicted 20.7% of the variability in the
broader pool and 17.6% in the meiofauna pool (Table 22). Potassium feldspar was found only in
central and northern California, and this fact may limit some of the predictive power of the
model to assign community composition patterns to southern sites. In addition, severa
of each mineral type were lumped to achieve the values used in these analyses, and breaking
them down into their respective components may help the model to better discriminate patterns.
Despite the low correlational relationships, these results are a promising first step in linking
meiofaunal community composition to the mineralogical properties of their environment.
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DISCUSSION
This study is perhaps the broadest assessment of meiofauna communities within
California to date. Individual beaches throughout the state have been studied in greater detail,
and meiofauna have been characterized across diverse habitats including whale falls (Rhett
2014), estuaries (Bik et al., pers. comm.) and deep sea sediments (Ricketts et al. 2009).
Nevertheless, the eastern Pacific is fairly lacking in meiofauna studies compared to the Atlantic
and most of the work has not been conducted on sandy beaches. In addition, much of the
traditional research has looked at the nematode:copepod ratio as a way of minimizing the
taxonomic effort needed to identify each species. Given that nematodes and copepods often
s is not always an inappropriate choice, but it
purposefully ignores the actual diversity of meiofauna. This work attempted to fully describe
meiofaunal communities in California, and baseline studies such as this provide historical
datasets for future comparison.
Their ubiquity, even among extreme ecosystems (Zeppilli et al. 2018, Rosli et al. 2018),
makes meiofauna amenable to many different applications. Meiofauna are increasingly being
recognized as an important ecological monitoring group (see Zeppilli et al. 2015). The ease of
sampling, increasingly low cost of analysis and short generation time make them promising
candidates for studies looking at the effects of pollution and disturbance. While rare, there are in
situ manipulation studies of meiofauna in California that have studied the effects of climate
change on deep sea systems using meiofauna as an indicator group (Barry et al. 2004). As the
base of the sandy beach food web, meiofauna can be a good proxy for the greater health of a
system. Many species of commercially important fish, for example, must pass through an
obligate meiofauna feeding stage and are therefore intimately linked to the ecological status of
meiofauna.
Increasingly, we are turning towards metagenetic analyses of mixed communities from a
single sample. Metabarcoding approaches are necessary tools that broaden the scope of ongoing
meiofauna research, but they are not a panacea. Of the 7,280 OTUs identified, only 265 were
ultimately classified as meiofauna. Many unidentified OTUs were likely meiofauna lacking
proper identification or metadata, and a basic lack of meiofauna representation in sequence
databases is a pressing issue. That limitation was evident in the results of this research. However,
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while the number of assigned meiofauna OTUs was slightly low compared to similar studies, this
work was comparable to others in the literature with respect to taxonomic diversity. Of the 23
phyla included in Carugati et al. (2015), an overview of the state of molecular meiofaunal
research, I was able to identify representatives of 14 phyla. Many OTU could not be identified
and may represent meiofaunal taxa missing from public databases.
While Nematoda and Arthropoda were both in the top five most abundant phyla, these
results were unique in that these two groups generally make up the bulk (>90%) of most
traditional taxonomy assessments. However, it has been suggested that Platyhelminthes are
likely much more abundant in the meiofauna but are damaged during the extraction process and
therefore not identified using traditional methods. A byproduct of newer molecular tools,
including those used in this work, seems to be that Platyhelminthes represent a larger fraction of
the meiofauna. I was also able to sequence a relatively high proportion of OTUs assigned to
for researchers working specifically with less abundant taxa.
Meiofauna appeared to broadly adhere to the latitudinal diversity gradient at the extreme
ends of the state. Southern sites had greater numbers of OTUs and higher levels of Shannon
Diversity than sites in the north. The variability was greater within central California, and some
sites exceeded southern California in terms of diversity. Central California has been described as
a transitional zone between biogeographic provinces (Stephens et al. 2016), and areas of high
species mixing are known to be diverse. Meiofauna may be more diverse in these central sites
due to the mixing of both north and south-specific OTUs in the area of Point Conception. While
the point itself was not found to be a hard boundary for meiofauna, this research showed that
meiofauna do still respond to broad oceanographic conditions such as temperature, salinity, and
to a lesser extent, chlorophyll. These variables change more dramatically when moving from an
upwelling-dominated system to a non-dominate system.
Stratification of meiofauna communities by tidal height is well documented in the
literature. The results of the PERMOVA indicated a difference in community by tidal height that
was better illustrated by the SIMPER. Richness decreased with increasing tidal height, as
expected. Lower tidal brackets had higher numbers of OTUs and were more taxonomically rich.
Results also roughly support a secondary goal of this thesis, which was to apply theories
developed on macrofauna to meiofauna. The habitat harshness hypothesis states that the
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proportions of crustaceans, molluscs and polychaetes increase on dissipative beaches (Gómez
and Defeo 1999), a hypothesis supported by these findings. Unfortunately, I was unable to
standardize beaches of differing width to make more direct comparisons at discrete tidal heights
ssi
A more thorough characterization of the conditions at each site (e.g. wave height, wave period,
might have given more statistical power to
pick apart and strengthen these trends.
This study is the first to link meiofauna community structure to the mineralogy of the
sediment. The final predictive power of the model (18%) was promising for a first attempt across
such a wide spectrum of beach types. While mineral composition itself may not influence
meiofauna, mineral content has direct and indirect effects on the structure of the sediment itself.
Minerals have different susceptibilities to weathering, and quartz grains are physically and
chemically resistant to weathering. K-feldspars were found to be important predictors of
meiofauna community structure; K-feldspars are more easily weathered, creating pits and other
surface area features that modify the landscape at scales relevant to meiofauna. Other possible
variables that could be altered based on mineralogy include pore space, drainage, surface area,
angularity, dissolved oxygen and redox conditions in the sediment. Interestingly, the mixed
linear model described more variation in the broader pool. Other organisms such as bacteria,
fungi and alga might are likewise being influenced by these same variables.
Monastery Beach was a unique site that warrants additional consideration. While I
attempted to choose examples of reflective and dissipative beaches within each domain, this
particular site ended up being unique for reasons I did not expect. Beaches typically derive their
sediment from inland terrestrial sources, but Monastery lies just onshore from the mouth of the
Carmel Canyon. The relativ
grain size and relatively heterogenous mineral composition that was low in quartz and
proportionately higher in the other three categories.
In addition to the unique sediments and correspondingly diverse mineral composition, the
biology was different too. Monastery Beach had relatively fewer OTUs, but also the highest
proportion of gastrotrich OTUs, which accounted for 43% of the sample. Another 5% were made
up of OTUs assigned to Echinodermata, a 400% increase over the site with the next highest
percentage. Outlier sites such as Monastery may be good places to target sample for unique
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OTUs. As an example, descriptive terms, such as those introduced by Folk and Ward (1957), can
be analyzed using SIMPER to target particular OTUs. OTU 846 was a common cosmopolitan
gastrotrich found across all sites, but its contribution to overall similarity was greater in
sediments characterized as primarily gravel. Monastery Beach, a site with an average grain size
of almost two millimeters, hosted the greatest percentage of identifiable gastrotrich OTUs (43%)
of all sites sampled.
The positive results of the PERMDISP test shows that significant homogeneity exists
within meiofauna communities, particularly for site and tidal height. For example, samples from
Agate Beach cluster much more closely than samples from MacKerricher SB, despite their
proximity to each other. The creators of the test itself (Anderson et al. 2006) have specified that a
significant PERMDISP result does not inherently nullify PERMANOVA results. Often, the test
will detect differences in dispersion that are not large enough to overinflate the error rates in
subsequent PERMOVA tests. It does limit my ability to comment on beta diversity, which has
been suggested as an important diversity metric for spatial studies of meiofauna (e.g. Araújo et
al. 2015, Flach et al. 2012). Meiofauna are known to distribute patchily even across very small
spatial distances, meaning that there can be variability within a single core, between replicate
cores and between sites. In this study, two replicate cores were taken but were combined for
extractions, meaning that I cannot distinguish beta-level diversity between cores. Because each
site was found to be significantly different, alpha diversity was a more useful metric in assessing
meiofauna communities in this work.
A lack of taxonomic resolution in this study was a significant hurdle to assessing true
diversity. Classifying at the phylum level was due in part to the choice of 18S as a marker, as
18S targets a broader range of organisms at the expense of specificity. Meiofaunal 18S
sequences are also more common in databases than other markers such as Cytochrome c oxidase
subunit I (CO1). But by classifying OTUs at the phylum level, it was sometimes difficult to
identify finer-scale patterns. The environmental variables sampled in this study were unlikely to
differ to such an extent as to exclude entire phyla, although they could affect the relative
proportions of OTUs present across sites. However, changes in environmental conditions may
have dictated the presence or absence of certain classes, families, genera, or species of
meiofauna.

24
While the 18S rDNA primers used in this study were designed to amplify across taxa, the
nucleotide variation even in the conserved priming site means that some taxa will amplify better
than others. Because I do not know the community makeup of each mixed sample, it is difficult
to know how accurately these primers describe the true community of organisms. As an example,
nematodes are often the dominant component in meiofauna studies, but are also one group
known for susceptibility to primer bias. While they were included among the more common taxa
in this study, their abundance was lower than anticipated. A mixed-primer approach using one
set of primers to target nematode sequences and another to target additional meiofauna may give
a truer representation of community composition. Similarly, the CO1 gene is much more highly
conserved than18S rDNA and can be used to discriminate between species with greater accuracy
(Ransome et al. 2017). An appropriately degenerate CO1 primer may well be a better choice for
future metabarcoding meiofauna studies, but it currently lags behind 18S rDNA in database
representation.
Going forward, it would be useful to conduct additional studies that sample a single
location (or a few locations) more deeply over a longer time period. Meiofauna can be patchy
across a beach face, so additional transects would better describe the within-site variability. Any
beach with significant differences in community composition along a tidal height gradient may
also change from day to day. Because beach profiles change on a seasonal basis, patterns in
meiofauna community composition and abundance would likely also vary across the year.
Sampling over time rather than across space could more accurately tease out the relationships
between meiofauna and many of the variables investigated in this study.
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Table 1. Location and sampling data for each level of the experimental design, including domain, site,
latitude/longitude coordinates and the total number of samples for each site. Locations are listed north to south.
Domain

Site

No. Samples

Lat.

Long.

Agate Beach

15

41.14

-124.15

MacKerricher SB

16

39.48

-123.80

Mussel Point

23

38.33

-123.07

Año Nuevo

12

37.27

-122.41

Monastery

12

36.52

-121.93

Moonstone Beach

12

35.65

-121.21

Arroyo Burro

18

34.40

-119.74

Southern (SC)

Crystal Cove

14

33.58

-117.84

California

Torrey Pines SB

14

32.92

-117.60

Windansea Beach

12

32.83

-117.28

Northern (NC)
California
Central (CC)
California
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Table 2. Sequencing and bioinformatics results for the broader and assignable meiofauna pools, including the reads
per site, the number of OTUs per site, the number of unique OTUs per site, and the number of OTUs shared by all
sites.

Site

Broad Pool

Assignable Meiofauna

(n = 7,820)

Pool (n = 265)

Total

Total

Unique

Total

Unique

Reads

OTUs

OTUs

OTUs

OTUs

Agate Beach

3,087,164

3221

77

108

1

MacKerricher SB

2,938,788

3755

146

149

1

Mussel Point

4,836,449

4025

111

161

1

Año Nuevo

2,861,595

4537

57

171

0

Monastery

3,276,579

3238

244

139

7

Moonstone Beach

2,773,637

4834

167

186

5

Arroyo Burro

3,667,563

4334

106

156

4

Crystal Cove

2,798,248

4463

90

156

0

Torrey Pines SB

2,983,101

4267

27

147

0

Windansea

2,815,365

4037

58

166

2

Shared OTUs: 931

Shared OTUs: 59
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Table 7. One-way ANOSIM analysis of variance of domain for both the broad and assignable meiofauna pools.
Significant p-values are bolded.

Broad

Assignable Meiofuana

Sample Statistic (R)

0.645

0.358

p-value

0.001

0.001

No. Permutations

999

999

0

0
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Table 8. Results of the RELATE test (PRIMER7) to establish patterns between environmental and biological
resemblance matrices for the broad and assignable meiofauna OTU pools. Environmental matrices were generated
using Euclidean distances and biological matrices were generated using Bray-Curtis distances. Significant p-values
are bolded.

Broad

Assignable Meiofuana

Sample Statistic (Rho)

0.522

0.396

p-value

0.001

0.001

No. Permutations

999

999

0

0
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Table 9. Results of the BEST test (PRIMER7) to determine environmental variables that best correlate with the
biological matrix for both the broad and assignable meiofauna OTU pools. Biological matrices were generated using
Bray-correlated environmental variable combinations. Significant p-values are bolded.

Global Test
Broad

Assignable Meiofuana

Sample Statistic (Rho)

0.580

0.499

p-value

0.001

0.001

No. Permutations

99

99

0

0

Best Result
Broad
No.

Assignable Meiofauna
Correlation

2

Temperature, Salinity

0.499

0.503

1

Salinity

0.497

0.485

1

Temperature

0.403

Correlation

1

Salinity

0.580

1

Temperature

2

Salinity, Temperature

Variables

No.

Variable

Variable

Variables
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Table 11. Onemeiofauna pool. Signifcant p-value is bolded.

Assignable Meiofuana
Sample Statistic (R)

0.282

p-value

0.001

No. Permutations

999
0
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Table 12. Adjacent site comparisons of shared OTUs to test for evidence of Point Conception biogeographic break
in meiofauna using a Chi-square test. Shaded cell highlights comparison of sites immediately north and south of
Point Conception.

Site Comparison

Shared OTUs

Expected

X2

Agate Beach & MacKerricher SB

103

132.5

6.5679

MacKerricher SB & Mussel Point

138

132.5

0.2283

Mussel Point & Año Nuevo

148

132.5

1.8132

Año Nuevo & Monastery

117

132.5

1.8132

Monastery & Moonstone Beach

132

132.5

0.0019

Moonstone Beach & Arroyo Burro

143

132.5

0.8321

Arroyo Burro & Crystal Cove

144

132.5

0.9981

Crystal Cove & Torrey Pines SB

132

132.5

0.0019

Torrey Pines SB & Windansea

136

132.5

0.0925
2)

=12.3491

df = 8, p = 0.1363
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Table 16. Average results of grain size analysis for all samples (n = 146). The logarithmic method of moments
(MOM, log) was chosen based on the lognormal distribution of the grain size analysis. The bottom of the figure is
pulled from (Blott and Pye 2001) to provide clarity on these values.

Mean Grain Size
(MOM, log)

Sorting

Skewness

Kurtosis

Modality

(MOM, log) (MOM, log) (MOM, log)

Arroyo Burro

2.247

0.567

-1.144

7.459

1.056

Agate Beach

-0.104

0.687

0.361

3.937

1.000

Mussel Point

1.453

0.629

-0.282

5.375

1.238

Crystal Cove

1.583

0.673

-0.161

5.216

1.429

MacKerricher SB

1.147

0.674

-0.752

5.304

1.250

Moonstone Beach

0.150

1.164

0.778

3.233

2.083

Monastery

-0.856

0.437

-0.564

3.529

1.000

Año Nuevo

1.938

0.593

-0.446

7.400

1.364

Torrey Pines SB

2.070

0.588

-0.284

4.188

1.429

Windansea

1.443

0.240

-2.532

21.119

1.000
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Table 17. Results of the RELATE test (PRIMER7) to establish patterns between environmental and biological
resemblance matrices for the broad and assignable meiofauna OTU pools. Environmental matrices were generated
using Euclidean distances and biological matrices were generated using Bray-Curtis distances. Significant p-values
are bolded.

Broad

Assignable Meiofuana

Sample Statistic (Rho)

0.508

0.343

p-value

0.001

0.001

No. Permutations

999

999

0

0

No. Permut
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Table 18: Results of the BEST test (PRIMER7) to determine environmental variables that best correlate with the
biological matrix for both the broad and assignable meiofauna OTU pools. Biological matrices were generated using
Bray-Curti
-correlated environmental variable combinations. Significant p-values are bolded.

Global Test
Broad

Assignable Meiofuana

Sample Statistic (Rho)

0.438

0.277

p-value

0.001

0.001

No. Permutations

999

999

0

0

Best Result

Broad
No.

Assignable Meiofauna
Correlation

1

Mean Grain Size

0.277

0.395

2

Mean Grain Size, Kurtosis

0.277

0.367

3

Mean Grain Size, Skewness

0.276

Correlation

1

Mean Grain Size

0.438

2

Mean Grain Size, Kurtosis

2

Mean Grain Size, Sorting

Variables

No.

Variable

Variable

Variables
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Table 20. Results of the RELATE test (PRIMER7) to establish patterns between environmental and biological
resemblance matrices for the broad and assignable meiofauna OTU pools. Environmental matrices were generated
using Euclidean distances and biological matrices were generated using Bray-Curtis distances. Significant p-values
are bolded.
Broad

Assignable Meiofuana

Sample Statistic (Rho)

0.299

0.141

p-value

0.001

0.001

No. Permutations

999

999

0

0
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Table 21. Results of the BEST test (PRIMER7) to determine environmental variables that best correlate with the
biological matrix for both the broad and assignable meiofauna OTU pools. Biological matrices were generated using
Bray-correlated environmental variable combinations. Significant p-values are bolded.

Global Test
Broad

Assignable Meiofuana

Sample Statistic (Rho)

0.590

0.303

p-value

0.001

0.001

No. Permutations

999

999

0

0

Best Result
Broad
No.

Assignable Meiofauna
Correlation

1

K-Feldspar

0.303

0.441

2

Quartz, K-Feldspar

0.248

0.430

2

Plagioclase, K-Feldspar

0.213

Correlation

1

K-Feldspar

0.590

2

Quartz, K-Feldspar

2

Plagioclase, K-Feldspar

Variables

No.

Variable

Variable

Variables
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Figure 1. Map of sampling sites (yellow) and accompanying weather buyos (red) used for collecting abiotic data.
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Figure 2. Schematic detailing each process from sample collection through data interpretation. Figure modified from
Brannock and Halanych (2015).
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Figure 4. A subset of the grain size results for Monastery Beach (red) and Torrey Pines SB (blue) showing
lognormal distribution as justification for the choice of logarithmic Method of Moments (MOM) in statistical
analyses.
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Figure 5. Average number of OTUs, Shanno
various rarefaction depths for standardization of raw read data. Rarefaction at 78,434 reads per sample allowed for
the inclusion of all but two samples in the final analysis.

57

Other, 2%

Platyhelminthes,
12%

Nemertea, 6%

Annelida, 31%

Nematoda,
11%

Mollusca, 7%

Arthropoda,
12%

Gastrotricha,

6%

Cnidaria, 12%

Figure 7.Pie chart detailing the taxonomic breakdown of assignable meiofauna phyla (n = 265). OTUs designated as
in low read
abundances.
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BIOINFORMATIC PIPELINE SCRIPT
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NOTE: The input and output files referenced here no not correspond directly to this research, but
the steps and commands are the same.
PATH=$PATH:/raid1
#Kept it pretty wide because we weren't sure exactly how long, looked in geneious to get these
numbers
usearch10 -fastq_mergepairs *R1*.fastq -fastqout all_merged_250450.fq -fastq_minmergelen
250 -fastq_maxmergelen 450 -fastq_maxdiffs 15 -report report_HMS -relabel @ fastqout_notmerged_fwd filename_notmerged_fwd_250_450 -fastqout_notmerged_rev
file_name_notmerged_rev_250_450
#filter and output fasta, kept maxee at 0.5 similar to COI. Max ee discards sequences with
greater than the allowed errors after truncation occurs
usearch10 -fastq_filter all_merged_250450.fq -fastq_maxee 0.5 -fastaout all_merged_filter.fasta
#output information on %A, T, G, C
usearch10 -fastx_info all_merged_filter.fasta
#nextera adapter is 33 bp long, primers I went off of are the SSU_FO4 and SSU_R22. Forward
primer is 21 bp in length, rev is 19
usearch10 -fastx_truncate all_merged_filter.fasta -stripleft 21 -stripright 19 -fastaout
all_merged_filter_trim.fasta
#label singletons/uniques
usearch10 -fastx_uniques all_merged_filter_trim.fasta -fastaout
all_merged_filter_trim_derep.fasta -sizeout -relabel Uniq
#delete singletons
usearch10 -sortbysize all_merged_filter_trim_derep.fasta -minsize 2 -fastaout
all_merged_filter_trim_derep_sort.fasta
usearch10 -unoise3 all_merged_filter_trim_derep_sort.fasta -minsize 4 -zotus
all_merged_filter_trim_derep_sort_ZOTUs.fasta
source activate qiime1 python KL_replaceScript_8Mar18v2.py
all_merged_filter_trim_derep_sort_ZOTUs.fasta Zotu otu_
all_merged_filter_trim_derep_sort_ZotusTOotus.fasta source deactivate qiime1

90
#need to resort by length
usearch10 -sortbylength all_merged_filter_trim_derep_sort_ZotusTOotus.fasta -fastaout
all_merged_filter_trim_derep_sort_otus_sort2_100.fasta
#99% cluster
usearch10 -cluster_smallmem all_merged_filter_trim_derep_sort_otus_sort2_100.fasta -id 0.99 centroids all_merged_filter_trim_derep_sort_otus_99.fasta -relabel OTU_
#need to resort
usearch10 -sortbylength all_merged_filter_trim_derep_sort_otus_99.fasta -fastaout
all_merged_filter_trim_derep_sort_otus_sort2_99.fasta
#Second clustering of otu's, small memory size, saves space, 97%
usearch10 -cluster_smallmem all_merged_filter_trim_derep_sort_otus_sort2_99.fasta -id 0.97 sortedby other -centroids all_merged_filter_trim_derep_sort_otus_97.fasta
#Comparing the original with the new to output otu table
usearch10 -usearch_global all_merged_filter_trim.fasta -db
all_merged_filter_trim_derep_sort_otus_97.fasta -strand plus -id 0.97 -otutabout
MBARI_18S_otu_table_9997.txt
#Clustering at 97% from ZOTUs directly:
usearch10 -cluster_smallmem all_merged_filter_trim_derep_sort_otus_sort2_100.fasta -id 0.97 centroids all_merged_filter_trim_derep_sort_otus_10097.fasta -relabel OTU_
#Resort by length:
usearch10 -sortbylength all_merged_filter_trim_derep_sort_otus_10097.fasta -fastaout
all_merged_filter_trim_derep_sort_otus_sort2_10097.fasta
#Making a 10097% OTU table:
usearch10 -usearch_global all_merged_filter_trim.fasta -db
all_merged_filter_trim_derep_sort_otus_sort2_97.fasta -strand plus -id 0.97 -otutabout
MBARI_18S_otu_table_10097.txt
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APPENDIX B
METADATA MAPPING FILES

